[1] The detailed atomic structures of shock compressed basaltic glasses are not well understood. Here, we explore the structures of shock compressed silicate glass with a diopside-anorthite eutectic composition (Di 64 An 36 ), a common Fe-free model basaltic composition, using oxygen K-edge X-ray Raman scattering and high-resolution 27 Al solid-state NMR spectroscopy and report previously unknown details of shock-induced changes in the atomic configurations. A topologically driven densification of the Di 64 An 36 glass is indicated by the increase in oxygen K-edge energy for the glass upon shock compression. The first experimental evidence of the increase in the fraction of highly coordinated Al in shock compressed glass is found in the 27 Al NMR spectra. This unambiguous evidence of shock-induced changes in Al coordination environments provides atomistic insights into shock compression in basaltic glasses and allows us to microscopically constrain the magnitude of impact events or relevant processes involving natural basalts on Earth and planetary surfaces. 
Introduction
[2] The structures of shock compressed silicate glasses and melts, including basalts, are essential to understand the changes in the corresponding melt properties under dynamic compression and to provide atomistic insights into impactinduced events in Earth's crust and planetary surfaces [Akins et al., 2004; Okuno et al., 1999; Reynard et al., 1999; Shimoda et al., 2004; Tschauner et al., 2009] . Knowing the structures of shock compressed basaltic glasses also provide an atomistic understanding of the geophysical processes involving basaltic magmas in the Earth's interior [Asimow and Ahrens, 2010; Rigden et al., 1988] . The Ca-Mg aluminosilicate melt of diopside-anorthite eutectic composition (Di 64 An 36 ) can serve as a model system for basaltic melts [Ai and Lange, 2008; Milholland and Presnall, 1998 ]. Despite the importance, shock-induced structural changes in basaltic glasses have not been well understood. Part of the difficulty arises from the prominent disorder inherent in multicomponent silicate glasses that makes it difficult to resolve their atomic structures. Nevertheless, previous vibrational spectroscopic and X-ray scattering studies of shock compressed silica and diverse silicate glasses reported a reduction of the inter-tetrahedral angle with increasing shock pressure up to $25 GPa and an increase in the fraction of smallermembered rings Reynard et al., 1999; Shimada et al., 2002 Shimada et al., , 2004 . Recent 11 B NMR spectra for Al-bearing Na-borosilicate glass showed that the fraction of non-ring species increase with peak shock pressure [Manghnani et al., 2011] . All these previously reported structural changes result from topological rearrangements without changes in the coordination number of framework cations (e.g., Si and Al) . This is in contrast to pressureinduced changes in short-range structure in silicate melts under static compression, where increases in the coordination number of Si and Al with pressure occur [e.g., Allwardt et al., 2007; Kelsey et al., 2009; Lee et al., 2003; Xue et al., 1991; Yarger et al., 1995] . This difference was partly attributed to high residual temperature, which may allow post-shock annealing of the network structure into lowdensity phases [Shimoda et al., 2004] , but it could be partly due to a lack of suitable experimental probes of local structure of multicomponent oxide glasses.
[3] The nature of permanent densification in model basaltic glasses under dynamic compression can be probed using recently developed element-specific structural probes, such as X-ray Raman scattering (XRS) and 2D solid-state NMR spectroscopy. XRS has been effective in probing electronic structures around low-Z elements such as O, and C in Earth materials at high pressure [Lee et al., 2005a [Lee et al., , 2005b Mao et al., 2003; Meng et al., 2008] . In particular, oxygen K-edge XRS for SiO 2 and MgSiO 3 polymorphs show distinct K-edge features stemming from their local atomic configurations and topology around oxygen [Fukui et al., 2009; Lee et al., 2008; Lin et al., 2007] . An increase in the fraction of the O K-edge feature at 544-545 eV in MgSiO 3 glass was suggested to be due to oxygen coordination transformation [Lee et al., 2008] . We apply O K-edge XRS to explore the structure of multicomponent glasses, revealing the shock-induced transitions in atomic environments around oxygen in unshocked and shocked Di 64 An 36 glasses.
[4] Progress in 2D triple-quantum magic-angle spinning (3QMAS) NMR has yielded detailed Al coordination environments and measurements of topological disorder due to distortion of glass networks in 'multicomponent' aluminosilicate glasses [Lee et al., 2005a [Lee et al., , 2005b Neuville et al., 2008; Xue and Kanzaki, 2008] . Studies of the model basaltic glass at 1 atm revealed the presence of a low percentage of [5] Al and defined the degree of network polymerization [Xue and Kanzaki, 2008] . With increasing static pressure, 27 Al 3QMAS NMR studies have shown an increasing fraction of highly coordinated [5, 6] Al in aluminosilicate glasses [Lee, 2011] . Application of the high-resolution NMR technique to shock compressed glass therefore reveal the effect of shock compression on coordination number and network polymerization in basaltic glasses. In this study, we explore the effect of shock compression on the structure of model basaltic glass to reveal the nature of permanent densification in glasses under dynamic compression and report the first O K-edge XRS and 2D 27 Al NMR spectra for shock compressed Di 64 An 36 recovered from a peak pressure of 20 GPa. We discuss the relationship between shock compression and the Al coordination number in shocked glass, which provide atomistic insights into terrestrial and planetary impact events.
Experimental Methods

Glass Synthesis and Shock Wave Experiment
[5] The starting glass was prepared as documented by Asimow and Ahrens [2010] by powdering, mixing, and melting initial glasses with diopside and anorthite composition synthesized by Dow Corning Corporation. Electron probe analysis is given by Asimow and Ahrens [2010] ; the composition is close to the nominal Di 64 An 36 eutectic, with minor Na 2 O (0.067 AE 0.021 wt.%) and barely resolved FeO (0.018 AE 0.016 wt.%). A disk 0.5 mm thick of 5 mm diameter was loaded into a cavity in a stainless steel 304 (SS304) chamber with 5.5 mm of steel between impact surface and sample, acting as driver. A 0.5 mm thick SS304 flyer attached to a Lexan sabot was launched into the driver at 1.67 km/s by a 20 mm bore single-stage propellant gun. The full time history of wave interactions and the thermodynamic path of the sample are imposed by geometry and material properties. The first shock brought the sample to pressure $15 GPa and average temperature $650 K and increased its density by $25%. The first reshock, reflected off the SS304 rear chamber surface, further increased pressure to $20 GPa, average temperature to $900 K, and density by a further 5%. The rarefaction wave originating at the rear flyer surface released the sample back to 1 bar pressure and an average post-shock temperature of $700 K, after which it conductively cooled to room temperature. In local regions, focusing of the shock front by topography at the driver-sample interface caused increases in temperature sufficient to melt the sample (1 bar liquidus temperature is 1547 K). The state of the recovered product is thus the result of a temporally and spatially inhomogeneous loading history. However, the melted region was clearly distinguishable as a several mm-size mixture of silicate and iron-rich metal. Its volume is negligible, yielding little contribution to both XRS and NMR spectra. Additionally, we removed that part of the glass that contained visible metal droplets by hand-picking under binocular microscope. The resulting glass particles were thus all from the portion of the shocked sample which had not been melted. Recovered features also suggest permanent densification in bulk recovered sample away from these hotspots. The structure of shock compressed glass studied here represents irreversibly densified glass from P-T conditions along the adiabatic shock release path but below its glass transition temperature.
X-Ray Raman Spectroscopy
[6] The X-ray Raman spectra for the unshocked and shocked Di 64 An 36 glass were collected at HPCAT sector 16ID-D of the Advanced Photon Source. X-ray Raman spectra were collected for the samples ($200 mm) attached to 100-mm glass fibers mounted directly on the goniometer. The spectra were collected by scanning the energy of the incident beam relative to the analyzer with a fixed elastic energy (E 0 ) of $9.886 keV at a scattering angle of 20
. A linear array of 17 spherical Si(555) analyzers operating in a backscattering geometry was used. The X-ray beam size was approximately 50 mm(H) * 30 mm(V). The sample was located in the beam such that the glass fiber generates no contributions to the spectrum. X-ray Raman spectra were collected with 0.5 eV steps. Raw X-ray Raman spectra were background-subtracted.
NMR Spectroscopy
[7] The 27 Al NMR spectra of the Di 64 An 36 glass were collected using a Varian solid-state NMR 400 system at 104.23 MHz (9.4 T) with a 3.2 mm Varian double-resonance probe (Seoul National University, Korea). For MAS spectra, a relaxation delay of 1 s with an rf pulse length of 0.3 ms were used with spinning speed of 17 kHz. Because there was also signal due to the background from the empty rotors and small sample volume ($3-4 mg) of the shock compressed sample, the final spectrum for shock compressed glass was obtained after subtraction of the background signals. Enhancement of signal intensity of the shock compressed sample was achieved by locating the available sample at the center of NMR rotor, which also allows us to collect 3QMAS NMR spectrum despite small sample volume. For 3QMAS NMR spectra, a fast amplitude modulation (FAM)-based shifted-echo pulse sequence (3.0 ms -t 2 delay -[0.6 ms] FAM -echo delay-15 ms) with a relaxation delay of 1 s was used. The 27 Al NMR spectra were referenced to an external 0.3 M AlCl 3 solution.
Results and Discussion
[8] Figure 1 shows the O K-edge XRS spectra for unshocked (black) and shocked Di 64 An 36 glass (red). A dominant peak at 538-540 eV is shown for the spectrum for both unshocked and shocked glass. The feature is similar to those observed for the O K-edge XRS spectra of SiO 2 and MgSiO 3 glasses at 1 atm and is due to an excitation of an electron from the oxygen 1s-state into unoccupied oxygen 2p-states hybridized with the silicon 3s-and 3p-states of [4] Si [Lee et al., 2008; Lin et al., 2007] . After shock compression, a slight edge energy shift of approximately 1 eV is observed. Taking into consideration the uncertainty due to overall low signal/background ratio of the spectrum and insufficient signal averaging, the observed shift in the K-edge feature may not be regarded as evidence for noticeable structural transitions after shock compression. Nevertheless, O K-edge features move slightly to higher energy with structural densification in Mg-silicate polymorphs from enstatite, ilmenite, to perovskite due to an increase in the energy of unoccupied oxygen 2p-state with pressure [Lee et al., 2008] . The current result thus suggests a densification of the Di 64 An 36 glass upon shock compression. The shock-induced energy shift in the O K-edge is due to topological changes (e.g., a reduction in the bond angle, typical shift of $1-2 eV) in the glass structure, as indicated by a lack of a feature at $543-545 eV (that may stem from the formation of triply coordinated oxygen) [Lee et al., 2008] . A similar edgeenergy shift in permanently densified MgSiO 3 glass was also observed [Lee et al., 2008] .
[9] Figure 2 shows 27 Al MAS NMR spectra for the Di 64 An 36 glass quenched from the melt at 1 atm and recovered after shock wave compression. The broad features at $60 ppm indicate that [4] Al is dominant at 1 atm, and the longer tail on the lower frequency shoulder indicate the topological disorder in this glass, which is typical for aluminosilicate glasses. After shock compression, the center of gravity of the peak apparently moves to more negative chemical shift and the peak width increases, demonstrating shock-induced structural changes in the glass. The observed change may be due to shock-induced increase in topological disorder around Al that increases the 27 Al quadrupolar coupling constant (C q = P q /(1 + h 2 /3) 1/2 , where P q and h are the quadrupolar coupling product and the asymmetry parameter, respectively), which results in the increase in peak width in the MAS NMR spectrum. It may also be explained by the formation of highly coordinated Al (i.e., [5, 6] Al); the [5, 6] Al peak positions are $30 and 0 ppm, respectively but theses peaks largely overlap with lower frequency tail of [4] Al peak in the 27 Al MAS NMR. The 3QMAS NMR measurement can help to resolve this ambiguity.
[10] Figure 3 shows 27 Al 3QMAS NMR spectra for the Di 64 An 36 glass quenched from melt at 1 atm and retrieved after shock compression; the [4, 5, 6] Al peaks are well resolved. The spectrum of the glass at 1 atm predominantly shows [4] Al and a minor but non-negligible fraction of [5] Al, consistent with the previous studies [Xue and Kanzaki, 2008] . After shock compression, the fraction of [5] Al in the glass apparently increases, providing the first evidence for the shock-induced Al coordination transformation in the glasses. Feature due to [6] Al is visible, which partly stems from the rotor background (see below). The 27 Al C q for [4] Al obtained from the center of gravity of the [4] Al peak (with h of 0.5) in the 2D spectrum slightly increases from $6.2 MHz (unshocked) to $6.4 MHz (shocked), implying that network distortion around Al (and thus the topological disorder) is larger for the shocked glass [Park and Lee, 2012] . Figure 4 shows the total isotropic projections of the unshocked and shocked 27 Al 3QMAS NMR spectra for the Di 64 An 36 glass. The results here are qualitative as the estimation of the fraction of a small amount of [5] Al in 2D NMR is not trivial. It is, however, apparent from the spectra that the fraction of [4] Al decreases upon shock compression, while the fraction of [5] Al increase noticeably. Rotor background signal contributes to total [6] Al peak intensity (blue spectrum). In addition to increase in the [5] Al fraction, the spectrum shows that the peak maximum of [4] Al in the projection shifts to a lower frequency and the peak width for [4] Al in the isotropic projection apparently increases after shock compression. This is partly because the fractions of Q 4 (nSi) with smaller n (Al 3+ is surrounded by n [4] Si as the next nearest neighbors) increase upon shock compression, suggesting an increase in the Al-O-Al fraction (and configurational disorder) upon shock compression.
[11] The current experimental results highlight the contribution of shock-induced topological changes in the model basaltic glass structure to overall permanent densification upon shock compression, consistent with previous studies Reynard et al., 1999; Shimoda et al., 2004] . Additionally, the clear evidence of Al coordination increase found here differs from previous studies, which have not documented changes in short-range structure. Previous studies differed from this one in the choice of analytical probes, in experimental shock recovery techniques, and in the studied glass compositions. The current methods offer new and precise constraints on shock-induced structural changes in Di 64 An 36 glass by probing the oxygen and aluminum environments. We also consider the details of the recovery methods and the resulting rates and pressuretemperature paths of shock compression, release, and post-shock relaxation. For example, observed structural differences between shocked and unshocked glasses were Figure 1 . Oxygen K-edge XRS spectra for glass with a diopside-anorthite eutectic composition (Di 64 An 36 ) quenched from melts at 1 atm (black) and recovered after shock compression (red). The spectra were plotted as energy loss (incident energy À elastic energy) vs. normalized scattered intensity. Figure 2 . 27 Al MAS NMR spectra (collected at 9.4 T) of Di 64 An 36 glass quenched from melt at 1 atm (black) and recovered after shock compression (red). The blue line shows a difference spectrum.
suggested to result partly from variations in the glass transition temperature during relaxation after shock compression [Manghnani et al., 2011] . In the current study, the complete pressure-temperature path of compression, release, and cooling took place below the glass transition. The observed structural changes are, thus, due to shock-induced permanent densification in the glasses. Composition is an important difference between this and previous studies, as well. Previous NMR results on glasses quenched from static high pressure show strong links between structural transitions in glasses and composition: the [5, 6] Al fraction in melts at high pressure increases with increasing cation field strength (i.e., charge/ionic radius) of non-network forming cations [Allwardt et al., 2007] . The formation of shockinduced changes in the Al coordination environment in this study of a Ca-Mg aluminosilicate glass thus results from the presence of Mg 2+ as non-network forming cations, which facilitates the formation of [5, 6] Al at high pressure. Note that probing atomic structures of glasses with more than $5 wt. % of paramagnetic element (e.g., Fe) using NMR has been met with limited success. The effect of iron content on the structure of shock compressed glass therefore remains to be explored. Finally, the structure of the dynamically compressed glass is distinct from that of glass quenched from corresponding liquid at high pressure. On-going analysis of basaltic glass quenched from melts at high pressure will unveil the structure of supercooled basaltic melts.
[12] The first observation of minor (but detectable) shockinduced formation of [5] Al in the model basaltic glass provides an atomistic insight into shock compression and impact events involving basalts, which are wide-spread in the inner solar system. While it is speculative, we predict that any relevant impact events on basalts, whether on Earth, Mars, the Moon, or asteroid surfaces, may lead to the formation of [5] Al in glasses with compositions similar to that studied here. In addition to popular shock indices based on the stability or (in a few cases, thresholds for shock recovery) of dense crystalline minerals or the formation of mineral assemblages relevant to impact events [Collerson et al., 2010; Gupta et al., 2001; Miyahara et al., 2011; Ohtani, 2009; Tschauner et al., 2009] , the estimation of Al site fractions in impact glasses in Earth and other planetary surfaces, lunar glasses, and shocked meteorites may yield shock pressure estimates. Additionally, the irreversible Figure 4 . Total isotropic projection of 27 Al 3QMAS NMR for Di 64 An 36 glass quenched from melt at 1 atm (black) and recovered after shock compression (red). Isotropic projection of the spectrum for rotor background with [6] Al is also shown (blue). 27 Al 3QMAS NMR spectra (collected at 9.4 T) of Di 64 An 36 glass quenched from melt (left) at 1 atm and (right) recovered after shock compression. Contour lines are drawn at 5% intervals from relative intensities of 12% to 87%, with added lines at 2, 3.5, 6, and 8%. structural transitions in metastable glasses are inevitably path-dependent, which in turn allows us to uniquely explore the detailed pressure-temperature-time path and relevant rate processes upon asteroid impacts. Future study of the systematics of quantitative Al site fractions in natural impact glasses and in experimentally-derived key multicomponent glasses with varying peak pressures, composition, and thermal history therefore lead to new constraints on the magnitude or duration of impact events and related processes, during collisional evolution in the early solar system or on planetary surfaces of all ages.
